In this communication we argue that it is improbable that the main cause of death in sepsis is that, upon release of extracellular traps from neutrophils adhering to endothelial cells, highly cationic toxic histones uniquely cause endothelial dysregulation, organ failure and death. Activation of neutrophils is always accompanied by a plethora of pro-inflammatory agents, which may act in synergy with histones to injure cells. Furthermore, many recent articles have shown a steep rise of circulating histones in many clinical disorders unrelated to sepsis. We argue therefore that histones do not act as unique alarmins with an outsized role, but are probably another marker of cell damage.
Synergistic Mechanisms of Cell Damage
Bacterial and fungal infections can cause sepsis and shock, which worldwide still results is high mortality. Septic shock may be broadly defined as a multifactorial, synergistic syndrome where no unique mediator has been identified which, if successfully inhibited, might prevent or ameliorate the septic syndrome. This syndrome consists of deleterious effects caused by the infection (direct injury through pathogen-associated molecular pattern molecules [PAMPs] such as endotoxins, lipoteichoic acid and peptidoglycan) and the host response (mainly through the immune system). As of today, all the numerous clinical trials of sepsis that used single antagonists, for example activated protein C (APC), have failed and currently there is no specific treatment for septic shock. The best treatment still consists of general measures: source control, supportive care and appropriate antibiotics. Unfortunately, the growing epidemic of resistance to antibiotics further worsens patients' prospects for survival. Nonetheless, there is encouraging evidence that mortality is falling with improved and early treatment [1] [2] [3] [4] [5] [6] [7] [8] .
In 2009, two teams of investigators reported that extracellular histones released from NETs (neutrophil extracellular traps) in response to inflammatory challenges contribute to endothelial dysfunction, organ failure and death during sepsis in a murine model [9, 10] . They suggested that they can be targeted pharmacologically by antibodies against histones or by APC (which cleaves histones). In effect, anti-histone antibodies reduced the mortality in murine models of sepsis using lipopolysaccharide (LPS), tumor necrosis factor alpha (TNF-α) or cecal ligation and puncture. In vivo, histone administration was lethal, causing neutrophil margination, vacuolization of endothelium, intra-alveolar hemorrhage and macro-and microvascular thrombosis. Yet, if the histone theory of sepsis pathogenicity is considered, we should also remember that in addition to the action of toxic histones, activated neutrophils also secrete a plethora of other toxic and inflammatory agonists [3, [11] [12] [13] [14] [15] . These include superoxide (generated via NADPH oxidase), superoxide dismutase (dismutates superoxide to H 2 O 2 ), myeloperoxidase -H 2 O 2 generated HOCl, nitric oxide (NO) synthase (generates NO), the highly-toxic peroxynitrite, the polycation bactericidal LL-37, permeability inducing agents, cathelicidin, cationic elastase, gelatinase, several acid hydrolases, PLA2, as well as many cytokines and immune mediators (such as TNF-α, IL-1β, etc.). These agents are expected to be delivered at the inflammatory sites in addition to the PAMPs derived from the bacteria themselves following bacteriolysis (such as lipoteichoic acid [LTA] and peptidoglycan [PPG]) [16, 17] . Thus, these mediators (immune derived and bacteria derived) always appear together in the context of sepsis, all of them capable of causing cell injury [18] [19] [20] . Therefore, the claim that histones are unique, toxic alarmins causing septic shock is questionable [2, 3] . This assumption is further called into question since many publications published since 2009 have also reported the presence of high amounts of circulating histones in many clinical disorders unrelated to septic shock [21] . This raises serious questions whether histones are agents with a special role in pathogenicity; perhaps they are "regular" damage associated molecular pattern (DAMP) mediators, or perhaps just markers of tissue damage [2] . Of note, a synergistic toxicity to human umbilical cord endothelial cells in culture by histones combined with several pro-inflammatory agonists such as oxidants and proteinases has already been studied in detail many years ago by our group [11] [12] [13] [14] [15] . In fact, the proposition that the sepsis syndrome is derived from synergistic phenomena was already debated and presented in the year 2000 during a symposium at the Rockefeller Institute [22] ; it is unclear to us why this proposition hasn't been studied more closely since.
Given that septic shock is a multifactorial, probably synergistic phenomenon, if we accept the proposition that histones play a role in septic shock pathogenicity (not necessarily a unique role), then sepsis patients may benefit from anti-histone agents such as non-
Journal of Infectious Diseases and Therapy
anticoagulant heparin [23] (which counteracts toxic cationic agents such as histones) as well as anti-histone antibodies [24] . This should be especially being the case if they were to be combined with cocktails of anti-inflammatory agents as suggested previously [11] [12] [13] [14] . These may be anti-oxidants, proteinase, elastase and PLA2 inhibitors, and anticytokines and perhaps even IV-IgG. Also, since microbial agents undergoing bacteriolysis release a variety of PAMPs [16] [17] [18] [19] [20] , it could also be considered that the antibiotics used for septic patients should perhaps be bacteriostatic but not bactericidal, thus avoiding a Jarisch-Herxheimer-like phenomenon [25] .
The fact that the numerous clinical trials of sepsis which tried only single-agonist therapy failed, raises several questions [26] . Other possible reasons for the failure of single-arm clinical trials could also result from heterogeneous populations, non-effective drugs used, drugs not reaching their receptor sites or given in the wrong dose or in the wrong formulation. Also, changes in volume of distribution and protein binding due to sepsis physiology might change receptor-drug interaction and affect the treatment. In this respect, we would like to stress the fact that histones most probably are "deadly members of the gang". Therefore, antagonizing them on their own, much like antagonizing only TNF-α or IL-1β, most probably will fail. Another insight from the literature on histones and sepsis relates to the fact that the main obstacle to an efficient treatment of sepsis is still the late arrival and/or late identification of patients at risk. In too many cases, septic patients are beginning to be treated when in fact "all the horses have already irreversibly left the stable". Yet, as of today no single key marker of sepsis or impending sepsis has been found [26, 27] ; perhaps histones can be used as early markers of sepsis?
Conclusion
Histones represent a marker of cellular injury, a DAMP, and are mediators in the host response to infection and inflammation. We propose that they do not have a unique role in the pathogenesis of sepsis but rather are members of a complex blend of mediators and agents derived from bacteria, immune cells and tissue cells. Many of these agents probably act synergistically to bring about the sepsis syndrome and its systemic sequelae. In order to provide novel therapeutic approaches we should look for combinations of (antagonistic) compounds with the aim of breaking their synergism.
